A wide study was carried out of the acid-base behaviour of ferricyanide ions in aqueous perchloric acid media in the range 0.1-1 1.5 M. 'This study shows that protonation and decomposition of the ferricyanide ions occur simultaneously. The three successive protonation equilibria were found in the acidity ranges 0.1-4.0, 3.5-8.5, and 7.0-11.5 M HC104, respectively. A kinetic study was also made of the decomposition reaction at 60°C. The kinetic data are explained by considering a reaction mechanism involving homolytic and heterolytic dissociation steps. The homolytic and heterolytic rate constants corresponding to each of the four protonated species were determined, along with the acid-base protonation constants, pK1 = -6.25 + 0.10; pK2 = -3.23 * 0.03; and pK3 = -0.60 2 0.02. Mots clis : comportement acide-base, espkces protonks, dtcomposition, dissociation homolytique, dissociation hCtCrolytique.
Introduction
In a previous paper, the acid-base behaviour of the ferrocyanide ion in perchloric acid media was studied by potentiometry and spectrophotometry ( 1) . In this paper, the corresponding acid-base investigation of the ferricyanide ion is undertaken; this study, however, involves also kinetic measurements, since femcyanide ions decompose at high acid concentrations.
The potentiometric titration of a sample of 0.01 N K3Fe(CN)6 with aqueous HCl shows no evidence of protonation; the curve coincides with that obtained in the titration of a blank solution containing pure water, this fact indicating that the three ionization constants of ferricyanic acid, H3Fe(CN)6, are higher than 0.1 (2, 3) . On the other hand, the titration curves of a sample of 0.01 M H3Fe(CN)6 with NaOH, obtained by potentiometric and conductimetric techniques, are identical to those achieved titrating 0.03 M HC1. Thus the three constants must be quite high (4) . None of the three pK values was found in the literature; however, to be able to explain the effect of acidity on the rate constant, several contributions on the oxidation of organic substrates by femcyanide in acid media (5-1 1) suggest that the first protonation occurs in the range 0.1-3.8 M HC104.
Results and discussion
The effect of acidity on the absorption UV-VIS spectra of femcyanide shows no noticeable change in the range 0-3.5 M HC104; however, the appearance of isosbestic points in the range 3.5-8.0 M indicates the existence of an acid-base equilibrium. Above 7.0 M, the UV-VIS spectral curves of ferricyanide change with time and a characteristic smell of HCN is observed, which evidences the decomposition of ferricyanide. This phenomenon constitutes a major difficulty in studying the influence of acidity on the spectra (Fig. 1 ).
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The appearance of a brown suspension is observed in freshly prepared solutions of femcyanide above 5 X lop4 M, using aqueous HC104 7 M and above; the higher the acid concentration, the more abundant the suspension becomes. This suspension was isolated and identified as H3Fe(CN)6; identification was made by comparison with a sample of this acid prepared according to Brauer's method (12) . Figure 2 shows the most characteristic IR peaks, which are coincident for both samples.
The successive protonation equilibria may be expressed in the following simplified notation: To explore the acid-base behaviour of the fenicyanide ion, it was necessary to make a kinetic study of the decomposition process by studying the influence of acidity on the rate constant.
Decomposition of the ferricyanide ion in high acidity media
Several authors (17) (18) (19) have studied the formation of pentacyanoferrate(III), [ F~( C N )~H~O ]~-, from fenicyanide solutions in the pH range 0-14. In this work, the decomposition of fenicyanide is investigated at acidity levels of 0.1 M HClO, and above, where protonation equilibria are evidenced to start, and the analysis of reaction products confirms that decomposition does not stop in pentacyanoferrate. Some authors describe the reaction only qualitatively; the effect of mineral acids above 2 M on the femcyanide ion is not noticeable in cold media, but at high temperature HCN is produced, along with a Prussian Blue precipitate. Ferricyanic acid is still more unstable than ferrocyanic acid, so the physical properties are not well known; it generates Prussian Blue when exposed to light and produces HCN under air atmosphere (20) .
A very small decomposition is observed after 2 h in a sample of lop4 M femcyanide in the acidity range 0.1-7.0 M HClO, at 25°C; the UV-VIS spectra remain unchanged. This is not the case above 7.0 M: the absorption maxima at 420 and 300 nm decrease, and the first of these disappears with the result of a final spectral curve identical to that of ferrocyanide. The decomposition was investigated at 60°C over the whole acidity range above 0.1 M HClO,.
A quantitative analysis of the reaction products reveals that about 80% fenicyanide decomposes, producing HCN and ferric ion, and 20% reduces, generating ferrocyanide. An independent test showed that 8 x lop5 M K4Fe(CN)6 in 8.7 M HClO, did not exhibit any change in the UV-VIS absorption spectra after 3 h; Fig. 3 shows the spectral changes recorded during the decomposition of femcyanide, with the isosbestic point at 280 nm characteristic of the fenicyanide-ferrocyanide system. The kinetics was monitored following the changes in absorbance with time; the A l t data fitted fairly well the first-order rate equation:
The data processing was carried out using the program RLP (weighting linear regression) with weighting W i -A2; Fig. 4 shows a typical straight line obtained. The variation in the initial concentration of ferricyanide did not affect the observed rate constant. Figure 5 shows the influence of acidity on the pseudo-first-order rate constant; three different regions can be distinguished: 0.1-3.5, 3.5-7.5, and 7. limit in the ionic strength to be used. This observation leads to the conclusion that noncharged species participate in the rate-determining step. The addition of cyanide ions did not affect the rate constant, which indicates that the decomposition is not reversible and also that HCN does not react in the rate-determining step (Table 3) , and may be excluded as reductant of the ferricyanide ions.
The addition of potassium ferrocyanide also has no effect on
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the reaction rate (Table 4) , which indicates that the decomposition is not reversible; neither does the addition of ~e ions change the rate constant, which denotes a nonreversible decomposition and excludes the Fe3+ ions as reactant in the rate-determining step ( Table 5 ).
The variation of the dielectric constant of the medium displays no noticeable influence on the decomposition rate (Table 6 ). However, in a kinetic run using aqueous 1-4 dioxane 6 0 t ( min) 5 7 0 v/v, a Prussian Blue suspension appeared after the first 30% of the reaction, due to the low dielectric constant of the medium. Table 7 exhibits the variation of the observed pseudo-firstorder rate constant with temperature at five acidity levels, and Table 8 collects the activation parameters. The activation energy decreases as the acidity increases, indicating an easier decomposition.
According to these features, the following possibilities may be discussed with respect to the reductant of the femcyanide ions:
1. HCN is to be excluded, since the external addition of cyanide does not change the decomposition rate. Two contributions were found in the literature on the reduction of ferricyanide by cyanide (21, 22) . In basic medium, cyanide reduces femcyanide to ferrocyanide in 48 11 ; this reduction is pH dependent. Below pH 9 the reaction rate decreases greatly and becomes negligible after three weeks at pH 1-2; at this acidity level cyanide is present mainly as HCN, which confirms our observations.
2. Water may also be excluded; in view of the standard redox potentials, a direct waterlferricyanide reaction should be excluded. Although a self-reduction process of Fe3+ has already been described in the literature (23) :
this reaction was not confirmed in our observations, since ammonium ion was not detected as a reaction product. 3. Traces of Cu2+ present as impurities could be responsible for the reduction of femcyanide; in basic medium Cu2+ catalyzes the reduction of ferricyanide by cyanide (24) . In the process, Cu+ ions produced by reduction of Cu2+ by cyanide are oxidized again to Cu2+ by ferricyanide, which in turn is reduced to ferrocyanide; in this cyclic redox process, Cu2+ ions act simply as catalyst. However, the observed rate law (24) where Fey stands for femcyanide and Feoy for ferrocyanide; moreover, the initial addition of (2-4) x lop5 M Cu2+ in the decomposition reaction of lop4 M femcyanide in 8.7 M HC104 did not affect the process, but the addition of M Cu2+ into a lop4 M femcyanide solution in 1.0 M HC104 generated a yellow solid, cupric cyanide, which overlaps and obstructs the study. Thus this route appears to be unacceptable.
4. A fourth path may be considered, in which the aquocyanide complex of Fe3+, generated during the course of the decomposition, undergoes reduction with HCN, generating the aquo-cyanide complex of Fez+; this, finally, looses the central atom ~e ' + , which undergoes a fast oxidation to Fe3+ by femcyanide, forming ferrocyanide.
Reaction [7] takes place in basic medium (25)
but in acid medium this reaction is not possible, as happened in the reduction of femcyanide by cyanide. In any event, in this type of reaction, the external addition of cyanide should accelerate the formation of an aquo-cyanide complex of Fez+ and more femcyanide would be consumed to oxidize it to Fe3+; consequently, the rate of decomposition would increase, which is not in agreement with our observations. Thus, this path seems to be very improbable. 5. A last way lies in the possibility of causing the homolytic breakdown of HCN into Ha and CN. radicals by the action of UV light. It is well known that hydrogen atoms reduce femcyanide rapidly (26, 27) ; this route is not probable since the only light used in this investigation was selected at 416 nm, out of the UV region.
A more reasonable possibility would consist of both homolytic and heterolytic steps, where CN. and HCN. radicals and complex species of Fez+ would be generated. Although this kind of rupture is unusual, a few references were found in the literature involving complexes of cobalt, chromium, and others (28) (29) (30) (31) (32) (33) (34) ; it was also found in the decomposition of hexacyanomanganate(II1) and hexacyanomanganato(1V) ions in aqueous acid media (35, 36) . However, the best proof was recently supplied (37): potassium ferricyanide is slowly reduced under dry air atmosphere, forming cyanogen and ferricyanide in small amounts, according to reactions [8] Rhodes' test (38) for the detection of cyanogen was negative,' which means that CN. and HCN-radicals disappear by the hydrolysis process. This hydrolysis may occur (22) either by reaction [12] or [13] :
Reaction [12] may be discarded, since ammonium ion was not detected among the reaction products. On the other hand, the species P was identified containing C, N, 0 , and H, and underwent a further reaction, generating a polymeric material hardly recognizable. This matches our findings, since in very concentrated solutions of K3Fe(CN)6 the whole system forms a spongy dark blue polymer.
The following mechanism is proposed for the decomposition of femcyanide in acid media: khet(1l) [ In steps [17] and [20] the linkage F~~+ -C N H is considered to be weaker than F~~+ -c N -, so that the first of these is broken much more easily. Reactions [19] and [23] take place in several irreversible fast steps (39).
17] [H,F~(CN)S]"-~ -[H,-IF~(CN)SI"-~ +
Step [24] is fast and, in accordance with step [25] , a Prussian Blue precipitate is formed at a given concentration. The rate-determining steps [17] and [20] are SN1 dissociative processes, since the existence of six ligands around the central atom does not allow enough room for a seventh ligand. Dissociative processes are the most frequent in substitution reactions of octahedral complexes (40) ; moreover, the proton enables the cyanide ligand to be released (41) .
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For personal use only. A quantitative analysis of the reaction products reveals that khet -4khom; if the acidity of the medium is selected so that only one species [HnFe(CN)6]"-3 is predominant, it will be possible to determine the different khet values. Table 9 collects the results obtained; khom and khet increase similarly as n increases either from n = 0 to n = 1, or from n = 1 to n = 2. However, this is not the case when passing from n = 2 to n = 3. This surprising effect suggests a certain change in the reaction mechanism when n = 3. A possible reason, not yet sufficiently investigated, lies in the solvent effect on the rate-determining steps at acidity levels above 8 M, according to the observation that the use of ethanol-water mixtures accelerates the disappearance of the ferricyanide ions in 9 M HCIO,. This fact was explained by considering the oxidation of ethanol, since the oxidizing power of ferricyanide increases with increase in acidity; however, further investigation remains to be done. [3] acid-base equilibria. In media containing a high concentration of mineral acid, the activity coefficients involved in the definition of pK cannot be calculated by means of the Debye-Hiickel equation, so we need to resort to one of the general alternative methods; in this work the determination of pK was canied out by means of the Cox-Yates equation (42): [27] log I -log CH+ = m*X + pK where X, the excess acidity function, which is the same for all the bases in a single system, is calculated by an iterative method based on the ionization of a large number of different bases; for aqueous perchloric acid, used in this investigation, the function X is determined by starting from the percentage of mineral acid (42) . The ionization ratio I = [basic form]/[acid form], can be estimated by means of Gold-Hawes' equation (43):
Determination of the dissociation constants
where P, the property of the system, stands for the observed rate constant in the cases of equilibria [l] and [3] , and for the absorbance at 416 nm in the case of equilibrium [2] ; PB is the property of the basic species and PA that of the conjugate acid, each corresponding to the limits of acidity in which the equilibrium takes place; P is the property corresponding to intermediate acidities. The pK is obtained as the ordinate of the linear regression (log I -log CH+)/X, while from the slope we obtain the parameter m*, which is particular to each base and can be interpreted in terms of hydration.
In a previous paper (44), the separation method for overlapping equilibria was proposed and applied to investigate the successive protonations of the ferrocyanide ions (1). Although equilibria [I.], [2] , and [3] partially overlap, the procedure utilized in this work also includes measurements coming from the decomposition process, and avoids the need for using the separation method. Equilibrium [3] 
Conclusions
Due to the existence of two simultaneous processes, protonation and decomposition, the study of the acid-base protonation equilibria of the ferricyanide ions gives results more complicated than those of the ferrocyanide ions. Although the interpretation given in this paper is consistent with our own results, some additional experiments will complete a better knowledge of the acid-base behaviour of ferricyanide; thus, the influence of the solvent on the decomposition rate constant, using organic solvent -water mixtures, will provide useful information. On the other hand, the formal reduction potential of the ferricyanide/ferrocyanide pair was obtained at different acidity levels, being 0. For personal use only.
increases with the acidity; this fact is important and should be taken into account, since certain organic solvents could be oxidized by femcyanide in acid media. Finally, a deconvolution process by adaptation of characteristic vector analysis will be applied to the UV-VIS spectra of femcyanide with the aim of separating them into independent bands and assigning the maxima wavelengths to the corresponding electronic transitions; the purpose is to evaluate the alterations in the spatial symmetry of femcyanide as a consequence of the protonation reactions.
Experimental

Reactants
All reactants used were of analytical grade. When necessary, the ionic strength was controlled with sodium perchlorate in the kinetic experiments; in the spectrophotometric experiments, however, it was not necessary to control the ionic strength, since this factor is included in the excess acidity function method. All solutions were prepared with twice distilled and deionized water as solvent, over which nitrogen gas was made to flow before being used. In every case, the solutions used had been freshly prepared andkept out of thelight. Values of CH+ were calculated directly from molar concentrations of perchloric acid, since this species isfully ionized at least up to 60% wjw (42) .
Equipment
The UV-VIS spectral curves were recorded with a Bodenseewerk Perkin Elmer 554 spectrophotometer with double beam, slit 1 nm, optic path 1 cm, and thermostatable cells; this permits multiple expansion in both absorbances and wavelengths and an accuracy of ? 0.001 in the absorbance readings. The reference cell contained the same solvent as the sample under measurement. The temperature of all solutions was kept constant with a P-Selecta thermostat. The kinetic experiments were followed with a Philips Pye Unicam 8600 spectrophotometer, furnished with a Pye Unicam cell temperature controller. The data processing was carried out with an Olivetti 240 computer.
General
In the decomposition of ferricyanide ions the reaction products were determined by analyzing solutions containing 0.05 g K3Fe(CN)6 in 20 rnL of 1 M and 4 M HC104, respectively. After 48 h at 60°C a blue precipitate and a characteristic smell of HCN gas were observed.
1. This gas was bubbled with a nitrogen stream into a solution of AgN03 10% w/w, acidified with HN03, and a white solid precipitated; this gas was also bubbled into a solution of NaOH containing Mohr salt, a few drops of FeC13, and, after 15 min, dilute &So4 for dissolving the ferrous and ferric hydroxides; a blue coloration and blue precipitate appeared. These facts indicate the formation of HCN.
2. Addition of ferricyanide to a sample of the liquid portion produced a red coloration, confirming the presence of ferric ions. This also confirms the absence of ferrous ions; otherwise, a blue coloration and blue precipitate would have appeared. On the other hand, addition of femc ions generates a blue coloration, due to the presence of ferrocyanide; this evidence is also supported by the UV-VIS spectrum of a sample of the decomposition products in very dilute solutions of ferricyanide, where no precipitate was observed.
HCN undergoes a hydrolysis reaction when boiled, forming ammonium ions and formic acid. This reaction, however, was not confirmed, since a typical test for NH4+ led to negative results.
3. The blue precipitate, once recovered, isolated, and dried, gave an IR spectrum coincident with that of a sample of Prussian Blue obtained by mixing ferrocyanide and ferric ions, and also with that of a sample of Turnbull Blue obtained by mixing ferricyanide and ferrous ions; it is well known that both species are the same, ferric ferrocyanide, since ferricyanide oxidizes ~e ' + to ~e~+ , being itself reduced to ferrocyanide (45) (46) (47) (48) . There exist, in fact, two different types of Prussian Blue: (a) soluble Prussian Blue, Fe1'1M+Fe11(CN)6, which is formed when the alkaline ion M+ is in excess, and (b) insoluble Prussian Blue, Fe4[Fe(CN)6]3, when the alkaline and ferric ions are present in similar amounts (49, 50) ; the IR spectra of both species are identical.
During the process of decomposition, the concentration of K+ ions is at any moment much higher than that of Fe3+ ions, which are released slowly, and the first of these becomes predominant; the Fe3+ ions released could, in the presence of femcyanide, react to generate the red complex FeFe(CN)6 (21, 5 1, 52); however, such coloration was not observed during the decomposition, and the UV-VIS spectrum of the reacting mixture showed no absorption above 500 nm, the spectral region of the red complex.
Several papers exist, reporting on the thermal decomposition of femcyanide within the pH 0-14 region to generate [Fe(CN)5~20]2- (17-19) ; the rate constant is 6 X lo-' s-' at 25°C and pH 4.6. The maximum band of this species is located at 565 nm (53); however, our reacting mixtures showed no noticeable absorption above 500 nm at any moment during the course of the decomposition.
The quantitative analysis of the reaction products in aqueous 1 M and 4 M HC104 was carried out by isolating the blue precipitate and collecting the HCN released over an NaOH solution, where the cyanide ions were titrated vs. AgN03, following the Liebig-Deniges' method (54) . Independently of the acidity of the medium, the amount of HCN collected was about 75-80% of the total cyanide in the sample and the Prussian Blue collected was about 20-25% of the solid sample of K3Fe(CN)6 used. In media of 7 and 10 M HC1O4, H3Fe(CN)6 acid precipitates, this fact making advisable concentrations lower than 5 x M; under these conditions, only small amounts of blue precipitate are collected, and the quantitative analysis of HCN is carried out as already described, the HCN being about 70-80% of the total cyanide in the sample. These results lead to the conclusion that about four fifths of the femcyanide decomposes, producing HCN and femc ions, and one fifth reduces, producing ferrocyanide.
Most chemicals contain traces of metal ions as impurities; the levels of Cu2+ detected by atomic absorption (324 nm) were 0.200 ppm in 0.303 M ferricyanide and 0.261 p m in 0.267 M ferrocyanide. For this reason, the possibility of Cu' ions being responsible for the decomposition of ferricyanide was investigated.
